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ARTICLE INFO ABSTRACT

To better understand the fate and assess the ingestible fraction of microplastics (by aquatic organisms), it is
essential to quantify and characterize of their released from larger items under environmental realistic condi-
tions. However, the current information on the fragmentation and size-based characteristics of released micro-
plastics, for example from bio-based thermoplastics, is largely unknown. The goal of our work was to assess the
fragmentation and release of microplastics, under ultraviolet (UV) radiation and in seawater, from polylactic acid

Original content: Microplastics formation data
on polylactic acid and polypropylene items
after UV radiation and seawater immersion
(Original data)

Keywords: (PLA) items, a bio-based polymer, and from polypropylene (PP) items, a petroleum-based polymer. To do so, we
Fragmentation exposed pristine items of PLA and PP, immersed in filtered natural seawater, to accelerated UV radiation for 57
Microplastics formation and 76 days, simulating 18 and 24 months of mean natural solar irradiance in Europe. Our results indicated that
Bio-based plastics 76-day UV radiation induced the fragmentation of parent plastic items and the microplastics (50 - 5000 pm)
Polylactic acid formation from both PP and PLA items. The PP samples (48 + 26 microplastics / cm?) released up to nine times
Ultraviolet radiation more microplastics than PLA samples (5 + 2 microplastics / cm?) after a 76-day UV exposure, implying that the
Polypropylene PLA tested items had a lower fragmentation rate than PP. The particles’ length of released microplastics was
parameterized using a power law exponent (), to assess their size distribution. The obtained « values were 3.04
+ 0.11 and 2.54 + 0.06 (-) for 76-day UV weathered PP and PLA, respectively, meaning that PLA microplastics
had a larger sized microplastics fraction than PP particles. With respect to their two-dimensional shape, PLA
microplastics also had lower width-to-length ratio (0.51 + 0.17) and greater fiber-shaped fractions (16%) than
PP microplastics (0.57 + 0.17% and 11%, respectively). Overall, the bio-based PLA items under study were more
resistant to fragmentation and release of microplastics than the petroleum-based PP tested items, and the
parameterized characteristics of released microplastics were polymer-dependent. Our work indicates that even
though bio-based plastics may have a slower release of fragmented particles under UV radiation compared to
conventional polymer types, they still have the potential to act as a source of microplastics in the marine
environment, with particles being available to biota within ingestible size fractions, if not removed before major

fragmentation processes.
1. Introduction polylactic acid (PLA), are gaining interest as alternatives to conventional
plastics (produced from petroleum derivatives) (Curto et al., 2021), but
Bio-based plastics, originating from natural feedstocks, such as little is known about their potential as a source of microplastics
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pollution in the marine environment. Microplastics are plastic particles
with sizes between 1 pm and 5 mm, which have been observed in most of
the marine ecosystems (SAPEA, 2019). Apart from intentionally manu-
factured microbeads (primary), most microplastics (secondary) in the
marine environment are fragmented from larger-sized plastics (SAPEA,
2019). Due to the small dimensions of microplastics, they can be (bio)
accessible to aquatic organisms, as their dimensions are within the size
fraction of their prey, and can induce adverse effects (Everaert et al.,
2022). To date, only a few studies have reported the occurrence of
bio-based microplastics in the environment (Okoffo et al., 2022),
probably mostly due to their short application history and limited pro-
duction (European Bioplastics, 2021), but possibly also due to current
methodological constrains (Okoffo et al., 2022). Therefore, to better
understand the potential environmental fate of bio-based microplastics
(Alexy et al., 2020), there is a need of information on the fragmentation
of larger-sized bio-based plastics and characteristics of these fragments,
compared to common petroleum-based plastics, under simulated marine
environment.

Ultraviolet (UV) radiation from sunlight is one of the main stressors
that induces plastic fragmentation and the formation of microplastics
(Ter Halle et al., 2016). Most thermoplastics, including several bio-based
polymers such as PLA, can undergo a photochemical reaction to absorb
UV radiation, which induces cleavage of C-C and C-H bonds, release of
free radicals and subsequently the formation of carbonyl (C=0) groups
(Gewert et al., 2015; Curto et al., 2021). As a consequence, the surface of
plastics becomes brittle where cracks and groove textures steadily
develop, and microplastics can be formed and released (Ter Halle et al.,
2016). Laboratory studies have reported the fragmentation and release
of microplastics from macro-sized plastic items, of several conventional
petroleum-based polymers after accelerated artificial UV radiation
(Song et al., 2022). However, only a few studies focused on the frag-
mentation and release of microplastics from bio-based plastics such as
PLA, especially under simulated marine conditions, i.e., in seawater,
where their biodegradation is low (SAPEA, 2020). In one of the few
reports of microplastics formation from bio-based plastics, Le Gall et al.
(2022) have observed that similar concentrations of PLA microplastics
(2.2 microplastics / cm?, 50 — 5000 pm) were released in samples subject
to 38-day exposure to UV radiation (equivalent to 12-month mean
sunlight radiation in Europe) while immersed in seawater. Each of these
studies increased our quantitative knowledge of the concentrations of
microplastics released from bio-based plastics after in the marine envi-
ronment, as an estimate of fragmentation. However, with the increasing
interest of replacing conventional plastics with PLA and other bio-based
plastics in the marine applications (Curto et al., 2021), the assessment of
both the fragmentation of the materials, but also on the characteristics of
the released particles is critical to understanding the (bio)accessibility of
the particles for ingestion by organisms.

Microplastics released resulting from fragmentation consists of a
complex, diverse mixture of particles with different sizes and shapes.
These characteristics can not only indicate the patterns of fragmentation
but are also relevant to their potential (bio)accessibility to organisms via
ingestion. For example, only microplastics smaller than the mouth size
can be ingested (Koelmans et al., 2020), and fiber-shaped microplastics,
with a longer gut retention time (Au et al., 2015), are considered more
harmful than particle-shaped microplastics (Ziajahromi et al., 2017).
Thus, a better parameterization of the characteristics of released
microplastics is needed to establish a link between their potential
environmental fate and exposure pathways to aquatic organisms. Ac-
cording to Cozar et al. (2014) and Kaandorp et al. (2021), the size dis-
tribution of microplastics resulting from fragmentation follows a power
law shape curve with a negative exponent (-a), whose magnitude is
determined by the degree of fragmentation. For example, an o value of
less than 2.67 suggests that microplastic fragments are directly released
from the parent plastic item, while o equal to or greater than 2.67 in-
dicates the occurrence of cascading fragmentation of released micro-
plastics, i.e., the released fragments break down into even smaller pieces
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(Kaandorp et al., 2021). For microplastics in the aquatic environment,
the mean o usually varies between 2.5 (polyethylene) and 3.3 (poly-
ethylene-chlorinate) by polymers. In addition to being a statistical
parameter useful in the characterization of microplastics released from
larger materials, it also has direct policy implications as it is related to a
more realistic risk assessment (Koelmans et al., 2020). Based on the
power law exponent, abundance data of released bio-and petroleum--
based microplastics can be rescaled into (bio)accessible fractions for
different species, to support a sound environmental risk assessment of
bio-based microplastics (Koelmans et al., 2020).

The goal of the present study was to compare, quantify and charac-
terize the microplastics formation from plastic items of PLA (a bio-based
polymer) and PP (a petroleum-based polymer, as a benchmark assess-
ment) after exposure to UV radiation while immersed in seawater. To do
so, we exposed three-dimensional (3D) printed items of PLA and PP
respectively, immersed in filtered natural seawater, to accelerated
artificial UV radiation for 57 and 76 days, simulating 18 and 24 months
of mean natural solar exposure in Europe (Gewert et al., 2018). The
fragmentation and microplastics release from both polymers were
assessed using three key parameters: (1) abundance, i.e., number of
released microplastics per surface area of parent plastic items, to esti-
mate fragmentation; (2) distribution of particles’ length and shape, to
assess their two-dimensional particle characteristics; and (3) oxidation
status, using the carbonyl index as a proxy (Beltran-Sanahuja et al.,
2020; Simon-Sanchez et al., 2022). The parent plastic items used in the
weathering experiment were inspected for changes in surface
morphology and oxidation resistance, as an indication of their weath-
ering status.

2. Materials and methods
2.1. Materials

Polylactic acid (PLA) and Polypropylene (PP) filaments were ob-
tained within the SeaBioComp project (Interreg 2 Seas, 2019-2023).
Three-dimensional cylinders (d = h = 1 cm, nominal total surface area =
4.7 cm?) were printed using these filaments at the University of Ports-
mouth (UK). The advantage of using 3D-pritning cylindrical samples is
that they have regular and fine surfaces (Fig. 1). Both PLA and PP items
were stored at 22 + 1 °C in the dark before testing. Natural seawater
(salinity ~ 34 PSU) was pumped from the port of Ostend (Belgium) and
filtered through a 0.22 ym Sterivex™ filter prior to use.

2.2. Accelerated Ultraviolet (UV) exposure

Plastic items were exposed to UV in a weathering chamber (Atlas
Suntest CPS+) fitted with a Xenon lamp (ISO, 2006) (1500 W) and
daylight filter, with wavelength regulated at 300 - 400 nm. Irradiation
intensity was conducted at 60 W / m? and temperature in the chamber
was maintained at 33 + 3 °C (Black standard temperature = 50 °C). The
inner surface of the weathering chamber was coated with UV and light
mirrors allowing specimens to receive radiation from all directions.
Prior to exposure, items were gently rinsed with Milli-Q water (Millipore
Corporation). Each cylinder was placed in a pre-cleaned 25 mL quartz
cuvette, as glass partially blocks UV radiation, and immersed with
20 mL filtered natural seawater (Section 2.1). The initial water level in
each cuvette was marked to monitor possible water evaporation. The
loss of water through evaporation was compensated by adding Milli-Q
water (Millipore Corporation) every three weeks. For each polymer,
six replicate samples were taken after 57 and 76 days, which corre-
sponded to 18 and 24 months of central European solar irradiance
exposure, respectively (S¢rensen et al., 2021). Dark control samples (6
replicates), which were cuvettes wrapped in aluminum foil to block
radiation, were incubated under the same conditions at the same time in
the same UV weathering chamber. Six replicates of sealed cuvettes were
incubated in the chamber only for 10 min to account for microplastics
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Fig. 1. Scanning electron microscopy (SEM) images of PP and PLA items exposed to UV for 57 and 76 days, compared to pristine samples. Images shown here were
captured at 100 x magnification using a 10 mm working distance and a 2 — 10 kV accelerating voltage. Cracks (white) and unreleased micro-particles (white) are

marked on the images with red arrows.

release in pristine samples.

To extract microplastics, water samples were filtered through 10 ym
polytetrafluoroethylene (PTFE) membrane filters, stained for 15 min
with 1 mL Nile red [10 pg / mL in acetone; based on Meyers et al.
(2022)]. Then the filters were stored in glass petri-dishes at room tem-
perature in the dark until dry, for further microplastics analysis. A
procedural blank (20 mL Milli-Q water) was performed prior to testing
each sample to account for background contamination of PLA and PP.
Items were also collected and stored in glass vials at 22 &+ 1 °C in the
dark until dry, for further analysis.

2.3. Microplastics analysis

To identify, quantify and characterize the microplastics released
from the PLA and PP items, we used a combination of fluorescent mi-
croscopy, infrared techniques, and image analysis.

2.3.1. Fluorescent microscopy and photo-acquisition

All fluorescence microscopy was performed using a Leica DM1000
LED fluorescent microscope (10 x objective lens) connected with a
separate beam path. Manual measurements of particles’ length (um) and
photo acquisition were performed using a Leica camera and the software
LAS Core™ (Leica). Filter samples, after drying, were observed under
two fluorescence filters (Leica): blue (BL, Filter System I3 S, BP
450-490 nm) and ultraviolet (UV, Filter System A S, Band Pass (BP)
340-380 nm), to visually identify either PLA or PP microplastics. Ac-
cording to our previous work (Le Gall et al., 2022), the PLA microplastics
were yellow / orange (observed through ocular lens, here and after)
under both UV and BL fluorescence filters, while PP microplastics were
transparent under UV filter and yellow under BL filter (Fig. S1). To avoid
color distortion during observations, the work was performed in a dark
environment, and the white balance was first set, in bright field mode, in
a membrane filter position with no particles. All visually identified PLA
and PP microplastics with a length over 45 um, measured on their
longest dimension using the annotation bar in the software LAS Core™
(Leica Application Suite version 4.13.0), were photographed under the
BL fluorescence filter for further image analysis. Default software set-
tings for image acquisition were: gain: 1.0x; saturation: 1.50; and
gamma: 0.60. As per Meyers et al. (2022), to avoid insufficient or
over-exposure, images were captured at exposure times between 2.91
and 12.5 ms for BL filter, while the actual values were selected based on

the fluorescence intensity of particles. Microplastics with lengths which
exceeded the scale of images (fiber-shape; 1200 - 5000 pm) were
counted, but no photos were taken. The particles’ polymer composition
was further confirmed by analyzing 10% of the visually identified PLA
and PP microplastics on each membrane filter sample, in a total 280 out
of 3386 particles. The selected sub-samples were randomly inspected
using micro-Fourier-transform-infrared spectroscopy (uFTIR, for
detailed measurement parameters, see section 2.3.3).

2.3.2. Image analysis

Images of microplastics from each filter sample were processed in
batch using a macro script developed by the authors in ImageJ (Schin-
delin et al., 2012). In this image recognition step, each image imported
into ImageJ (Schindelin et al., 2012) was converted to 16-bit grayscale
and microplastics in each image were selected from the background by
manually adjusting the color threshold. For each particle, minimum and
maximum Feret’s diameters, i.e., the minimum and maximum distance
between two perpendicular tangents of the particle (Sandler and Wilson,
2010), were measured (accuracy up to 1 pm). After the measurements,
all selected particles were labeled and the data of particles smaller than
50 um in their maximum Feret’s diameter were removed prior to
exporting the dataset. In rare cases (57 out of 3386 particles, < 2%), the
color threshold of the particles could not be properly determined, and
these particles were then only used for enumeration, but no size was
measured.

2.3.3. pFTIR analysis

A Fourier transform infrared (FTIR) spectrometer with a p-FTIR
microscope Spotlight 200i (Frontier, PerkinElmer, Zaventem, Belgium)
was used to confirm the polymer characterization of 10% of the visually
identified PLA and PP particles. All particles were analyzed with a
magnification of 10x, and the detector type was liquid nitrogen-cooled
mercury cadmium telluride. Beam splitter OptKBr and mid-infrared
(MIR) source set the infrared spectral range of 4000 - 600 cm L All
spectra were recorded in transmittance mode with a resolution of
4 cm™! with an average of 64 scans per particle. The aperture size
changed relative to the size of the particle being measured (dimensions:
maximum 100 x100 pm, minimum 20 x20 um). Once a particle was
scanned in transmission, a spectrum was produced, and a search was
carried out on the spectrum for particle comparison from various com-
mercial libraries (PerkinElmer) such as POLIMERI and FIBERS3. Since
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weathering of microplastics affects their spectra (Simon et al., 2021),
and that these libraries only include data of pristine plastics, a minimum
match score of 60% instead of 70% was selected for determining the
polymer composition of released particles. The polytetrafluoroethylene
(PTFE) filters that supported the microplastics samples have a high ab-
sorption in the range of 1250 — 1150 cm ™, so this range was excluded
when carrying out the library search, so not to interfere with the spectra
identification.

2.4. Weathered and control plastic items

2.4.1. Scanning electron microscopy (SEM) observation

Changes in the surface morphology of pristine, UV-weathered and
dark control samples were visually inspected by scanning electron mi-
croscopy (SEM). Items were lightly coated under vacuum, with a 1 nm
thick gold-palladium coating using a rotary pumped coater (Quorum
Q150 R-S). Surfaces of retrieved plastic items were inspected from top
and side on a SEM (ZEISS EVO MA10). Images were captured at mag-
nifications of 40 and 500 x using a 10 mm working distance and a
2-10 kV accelerating voltage.

2.4.2. Oxidation induction time measurement

The oxidation resistance of retrieved plastic items was measured by
differential scanning calorimetry (DSC) on a Discovery DSC 25 equip-
ment (TA Instrument). The measurements were carried out in isothermal
mode according to ISO 11357-6 (ISO, 2018). The oxidation induction
time (OIT) was selected as the parameter of oxidation resistance and
determined as the time (minutes) to the onset of oxidation during
heating in an oxygen environment (McKeen, 2014). A decrease in OIT
value indicates the impeded oxidation resistance, and typically an OIT of
0 min means the loss of all oxidation resistance (McKeen, 2014). The test
temperature started at 50 °C and increased with a heating ramp of 10 °C
/ minute until an isothermal temperature reached. The isothermal
temperature was 200 °C for PP and 230 °C for PLA.

2.5. Data analysis and statistics

2.5.1. Particles’ length and shape of released microplastics

We used two-dimensional images to characterize particles’ size and
shape of released microplastics after UV exposure at treatment levels 57-
day and 76-day UV exposure, for each polymer type. To do so, we used
the particle’s maximum and minimum Feret’s diameter (um) measured
from the image analysis (section 2.3.2), as the proxy of particles’ length
and width, respectively and their ratio (W: L), as the proxy of their two-
dimensional shape (Simon et al., 2018). Considering that the shape
category is commonly reported in microplastics research (Hartmann
et al., 2019), “fiber-shape” were identified as microplastics (> 50 yum)
with a width-to-length ratio < 0.33 (Simon et al., 2018), while the rest
were categorized as “particle-shape”. Cumulative frequency distribu-
tions of these three parameters were plotted for UV-exposed samples of
both PLA and PP. Particles’ length were fitted into a probability density
function on treatment level following the method by Kooi et al. (2021).
According to earlier theoretical studies [e.g. McDowell and Bolton
(1998)]1, the size distribution of particles as a result of fragmentation
follow a power law shape, thus the same are expected for the released
microplastics in the present study. According to Kooi et al. (Kooi et al.,
2021), the power law exponent was estimated using the maximum
likelihood estimation (MLE) method (Clauset et al., 2009). The mini-
mum particles’ length (xy,;,) greater than which the power law function
is valid, was determined using Kolmogorov-Smirnov statistics (Clauset
et al., 2009). To ensure good parameter estimates, each fit was boot-
strapped (100 replicates), to obtain mean and standard deviation values
of both X, and @. Calculations were performed in RStudio (version
4.1.2) (R Core Team, 2019) using with the poweRlaw package (Gilles-
pie, 2015).
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2.5.2. Carbonyl index of released microplastics

To assess the oxidation status of the released microplastics, we
randomly selected 10 to 20 microplastics after UV exposure at treatment
levels 57-day and 76-day UV, for each polymer type (for detailed
number of particles per treatment see Fig. 5) and calculated their
carboxyl index (CI), according to Simon-Sanchez et al. (2022) and
Beltran-Sanahuja et al. (2020). Considering that few microplastics were
detected in pristine samples (PP: 1 &+ 1 microplastics, Table S1), we
manually abraded some particles from extra pristine items from each
polymer, prepared these particles the same way as the samples by
staining them with Nile red and filtered onto PTFE, and then randomly
selected the spectra of 20 PP and 14 PLA microplastics (> 50 pym). Prior
to calculations, all spectra data were first processed in RStudio (version
4.1.2) (R Core Team, 2019) with the ChemoSpec package (Hanson,
2022) for correcting baselines and normalization. The CI value for each
PP spectrum was then calculated as the ratio between the integrated
band absorbance of the carbonyl (C—=0) peak from 1850 to 1650 em !
and that of the methylene (CHjy) scissoring peak from 1500 to
1420 cm ™! (Almond et al., 2020). For PLA, the value was calculated as
the ratio between the integrated band absorbance of the carbonyl
(C=0) peak from 1850 to 1600 cm™* and that of the carbon-oxygen
(C-0) peak from 1340 to 950 cm ! (Beltran-Sanahuja et al., 2020).
For both PLA and PP, an increase of CI value indicates the occurrence of
photo-oxidation (Beltran-Sanahuja et al., 2020; Simon-Sanchez et al.,
2022).

2.5.3. Statistical analysis

Statistical analysis was performed using RStudio (R version 4.1.2) (R
Core Team, 2019). Data concerning the concentrations of released
microplastics per surface area of plastic items (microplastics / cm?) and
the width-to-length ratio (W: L) of released microplastics (Niu et al.,
2023) were analyzed per polymer using a non-parametric test, because
the ANOVA assumptions of normality were not met after data trans-
formation (p < 0.05, Shapiro-Wilk test). Therefore, a Kruskal-Wallis
rank sum test was performed to check if the concentration and the
width-to-length ratio of released microplastics (Niu et al., 2023) was
dependent on treatment (UV exposure treatment per polymer, CI 95%).
The Dunn’s multiple comparison test (p values adjusted with the Bon-
ferroni method) was applied when there were significant differences
between treatments, using FSA package (Derek et al., 2023). To compare
the concentrations and the width-to-length ratio of released micro-
plastics between PLA and PP (Niu et al., 2023), a Kruskal-Wallis test
followed Dunn’s multiple comparison test was performed with 57-day
and 76-day UV weathered samples. The parameters such as OIT and
CI (Niu et al., 2023) were analyzed either with a Kruskal-Wallis rank
sum test (if normality was not met) followed by a Dunnett’s test using
DescTool (Andri et al., 2021) or with a one-way ANOVA test followed by
Tukey’s HSD to check if these endpoints were dependent on the duration
(day) of UV weathering or polymer compositions.

2.6. Quality criteria and quality control

Several Quality Criteria and Quality Control (QA/QC) (de Ruijter
et al.,, 2020) measures were implemented during the experimental
procedures to avoid contamination of the samples by airborne fibers and
other particles, and cross contamination between samples. All solvents
used were of analytical grade with minimal impurities. All glassware
was pre-cleaned using diluted decon-90 detergent and rinsed thoroughly
with Milli-Q water and acetone. Potential sources of microplastics
contamination were minimized by avoiding the use of any plastic
equipment and using prewashed glass and metal items. All filtration
steps were performed in a clean reversed flow cabinet. Possible me-
chanical abrasions of tested plastic items and released microplastics by
manipulations has been minimized during the UV weathering and
microplastics extraction (Fig. 1, no manual damages on the pristine
plastic items). Finally, in the rare cases of airborne fiber contamination



Z. Niu et al.

(less than 3 fibers per membrane filter), natural fibers were distin-
guished from sample particles using fluorescence microscopy as stated
above (Meyers et al., 2022). Procedural blanks, i.e., observation of
filtered 20 mL water samples without plastic items to detect contami-
nation, were carried out throughout the analysis. Our previous work
indicates that our procedure (filtration, Nile red staining and micro-
scopic observations) has a recovery rate of 111 + 17% for PLA particles
(50 - 5000 pm) (Le Gall et al., 2022).

3. Results
3.1. Microplastics formation

The release of microplastics, including of both particle- and fiber-
shapes-, (50 — 5000 pym, Table S1) was detected in all PLA samples
and the majority (22 out of 24) of PP samples. Dark controls had on
average 7 + 4 PLA microplastics and 4 + 4 PP microplastics. In pristine
samples (0 d, Table S1), both PLA and PP samples contained a low
number of (PLA: 2 + 3; PP: 1 + 1) microplastics. To confirm the polymer
compositions of observed microplastics, in total 280 out of 3386 PLA
and PP microplastics were analyzed with p-FTIR. For PLA and PP, a
correct match was 86% (48 out of 56 microplastics) and 92% (206 out of
224 microplastics), respectively. For PP items, up to twenty-fold higher
concentrations (microplastics / cm?) of released microplastics were
observed after UV radiation compared to the samples kept in dark and in
pristine forms (Fig. 2, p < 0.05). Extending the UV exposure duration
from 57 days to 76 days had no influence (p = 0.84) on the concentra-
tions of PP microplastics released (Fig. 2). An exposure of 57 days
resulted in: 59 + 63 microplastics / cm? detected, and an exposure of 76
days in 48 + 26 microplastics / cm?. The duration of the UV exposure
had an effect on the concentration of PLA microplastics observed
(Fig. 2). After 76-day incubation, two-fold more microplastics observed
in samples exposed to UV (5 + 2 microplastics / cmz) than in dark
controls (2 +1 microplastics / cm?) (Fi g. 2, p=0.006). When
comparing the concentrations of microplastics formed at each time step
(0, 57 and 76 d), we observed that PP and PLA items had similar con-
centrations of microplastics at 0 day, but PP items released 10- and 18-
fold higher concentration of microplastics than PLA items after 57 and
76 days (Fig. 2, p < 0.05).

PLA [ PP
*

% I )
51000 L
[
s-a * [_*_] k.
é 100 [ T l E:E| Dark
© .
H ~ R Sw
g 10 . {

0 57 76 0 57 76

Exposure duration (day)

Fig. 2. Boxplots of the release of microplastics from PP and PLA cylinder
samples, with median concentrations (microplastics / cm?) of released micro-
plastics (50 — 5000 um) versus exposure duration (6 replicates). The concen-
trations of released microplastics were calculated as the count of microplastics
(Table S1) per nominal surface area of plastic items (4.7 cm?). Y axis were log-
transformed with a base of 10. The color of box represents UV exposure (or-
ange) and dark exposure (green). The boxes of pristine samples (0 day) were in
green as well. Each dot replicates an individual cylinder. Asterisks (*) indicates
statistically significant differences between groups (p < 0.05, Dunn’s multiple
comparison test).
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3.2. Size-based characteristics of released microplastics

To obtain size-based characteristics of the microplastics formed and
released after exposure to UV radiation and immersion in seawater,
cumulative distribution functions for particle length, width and width-
to-length-ratio were inferred for all released microplastics after 57-day
and 76-day UV exposure (Fig. S2). Particle’s length (um) has a lower
limit of 50 ym since we only selected microplastics with a maximum
Feret’s diameter > 50 um and an upper limit below 1200 um, as
microplastics larger than 1200 pym exceeded the scale of fluorescent
images. Both particles’ length and width had discrete steps, which is the
result of the pixel-based image analysis.

Power law distributions were fitted on the particles’ length for both
released PLA and PP microplastics after UV exposure (Fig. 3 and Fig. S2).
Mean power law exponents (-) for particles’ length were 2.59 + 0.32 for
“57-day UV exposure” PLA samples and 2.38 + 0.16 for “76-day UV
exposure”. For PP, the exponents were 2.54 + 0.06 and 3.04 + 0.11 (-),
respectively (Fig. 3). The minimum particles’ length above which the
power law distributions valid was 76 + 26 pm for “57-day UV exposure”
PLA samples and 62 + 20 um for “76-day UV exposure”. For PP, the
minimum particle lengths were 65 + 14 and 103 + 20 um, respectively.
Below this minimum length, the observations start to deviate from the
fitted distribution (Fig. 3).

The duration of UV weathering and the polymer composition had an
effect on the width-to-length ratio of released microplastics (Fig. 4). For
PLA, no deviation in width-to-length ratio was observed between 57-day
and 76-day UV weathered samples (p = 0.30). The average width-to-
length ratio (-) was 0.54 + 0.17 in 57-day UV weathered PLA samples,
and 0.51 + 0.17 in 76-day UV weathered PLA samples. For PP, the ratio
in samples subject to 76-day UV exposure was higher than 57-day UV
weathered samples [57-day: 0.51 + 0.18 (-), 76-day: 0.57 + 0.17 (-),
p < 0.001]. The 76-day UV weathered PP also had a higher width-to-
length ratio than 76-day UV weathered PLA samples (p < 0.01). Con-
cerning the shape category, 14% and 16% of released PLA microplastics
are in fiber-shape in 57-day and 76-day UV exposure samples. For
released PP microplastics, the fractions of fiber-shaped microplastics are
18% and 11%, respectively.

3.3. Oxidation status of released microplastics and parent plastic items

The carbonyl index (CI), here used as a metric for oxidation status, of
released PP microplastics was altered after exposure to UV weathering
(Fig. 5). The mean CI (-) in pristine (0-day), 57-day and 76-day UV
weathered samples are 0.73 + 0.05, 0.70 + 0.12, and 0.83 + 0.11,
respectively. The CI of microplastics in 76-day UV weathered samples
were higher than 57-day UV weathered (p = 0.02) and pristine PP
microplastics (p < 0.001). For PLA, no differences (p > 0.05) in CI have
been observed as the values of the CI between pristine [1.09 + 1.13 ()],
57-day [0.62 + 0.64 (-)], and 76-day UV-weathered samples [0.52
+ 0.42 (-)].

The SEM images of UV exposed (57-day and 76-day) samples (Fig. 1)
indicate fissures and cracks on the surface of parent PP items, a sign of
surface degradation, while these features were not observed in PLA
samples. The 76-day UV exposed PLA samples had, however, visible
micro sized material attached to the surface.

The oxidation induction time (OIT, minutes), which is a measure of
oxidation resistance (McKeen, 2014) of both PLA and PP items altered
after exposure to UV weathering compared to pristine items ( Fig. 6, 3
replicates). For PLA, the mean OIT (minutes) of pristine (0 day), 57-day
and 76-day UV weathered items were 2.19 + 0.10, 2.34 + 0.04, and
0.16 £ 0.04 min, respectively (3 replicates). The OIT values of 76-day
UV weathered PLA items were 13-fold lower than pristine PLA items
(p < 0.001). For PP, OIT value of both 57-day and 76-day UV weathered
items was at least 27-fold lower than the pristine items (pristine: 5.28
+ 0.65 min, 57-day: 0 &+ 0 min, 76-day: 0.19 + 0.02 min, p < 0.05).
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Fig. 3. Particles’ length distributions of released microplastics (50 - 1200 um) from UV-weathered plastic items for both PP and PLA. In the present study, the
maximum Feret’s diameter (um) were used as a proxy for particle length. The blue vertical segments indicate the minimum length for which the fitted power law is
valid. The red slopes present the fitted power law distributions. The mean (solid line, in red) and standard deviation (shaded area, in yellow) are based on bootstraps
with 100 replicates. The dotted line shows the continuation of the fitted slope beyond the minimum size. The minimum particles’ lengths (mean + standard de-
viation) are 76 + 26 pym for “57-day UV exposure” PLA samples and 62 + 20 um for “76-day UV exposure”. For PP, the minimum particle lengths are 65 + 14 and
103 £ 20 pm, respectively. Mean exponent parameters (mean + standard deviation) are 2.59 + 0.32 and 2.38 + 0.16 (-) for PLA samples subjected to 57 and 76-day
UV irradiance. For PP samples, these are 2.54 &+ 0.06 and 3.04 + 0.11 (-), respectively.
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Fig. 4. Violin- and box-plot of the aspect ratio of released microplastics from
both PLA and PP after UV radiation. Color of box represents samples subject to
57-day (pink) and 76-day (blue) UV radiation, respectively. The horizontal
intercept line (red and dashed) represents the aspect ratio of 0.33, above which
the released microplastics were considered as “particles”, then the rest were
“fibers”. Asterisks (*) indicates statistically significant differences between
groups (p < 0.05, Dunn’s multiple comparison test).

4. Discussion
4.1. Microplastics formation

A 76-day UV radiation exposure of polypropylene (PP) and polylactic
acid (PLA) items immersed in seawater accelerated the released of
microplastics, with PLA items being more resistant to fragmentation and
to releasing microplastics than PP items (Fig. 2). We observed that up to
nine-fold higher concentrations of released microplastics were detected
in PP samples (48 + 26 microplastics / cm?) than from PLA samples (5
+ 2 microplastics / cm?) after 76-day UV exposure (Fig. 2, p < 0.05),
suggesting that the tested PLA items are less prone to fragmentation and
releases of microplastics (50 — 5000 um) than PP items. The mean
concentration of released PLA microplastics in the present study were
within the same magnitude as our previous work (Le Gall et al., 2022)
where 2.2 microplastics / cm? (50 — 5000 um) were detected in 38-day
UV weathered PLA samples. The accelerated release of microplastics
after similar duration of UV radiation was confirmed by Lambert and
Wagner (2016) and Song et al. (2022), however, the abundance of
released microplastics per surface area of parent plastic items, reported
in these studies were orders of magnitude higher than the present work
(Table 1). For example, in the work of Song et al. (2022), 67,000 PP
microplastics / cm? (0.8 — 500 um) were detected in sample subjected to
a 60-day (i.e., equivalent to 53-day of the present study, Table 1) UV
radiation. Although the environmental matrix used in these studies [i.e.
deionized water in Lambert and Wagner (2016)] are different from the
present study (filtered natural seawater, section2.1), however, neither
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Fig. 6. Bar chart of mean oxidation induction time (OIT, minute) from PP and
PLA cylinder samples, with corresponding standard deviation of retrieved items
versus UV weathering duration (3 replicates). The color represents PP (orange)
and PLA (green). Error bars represent the standard deviation. Asterisks (*)
shows statistically significant differences with pristine items (0 day) per poly-
mer (p < 0.05, Dunnett’s test).

the present work (Fig. 2) nor above-mentioned studies have observed an
effect of environmental matrix, as per Wei et al. (2021). Thus, we
identified a potential reason for the order of magnitude difference as the
varied target size range of released microplastics, coupled with the
corresponding microplastics quantification techniques, among studies.
As observed in the present study (Fig. 3), and others (Song et al., 2017;
Kaandorp et al., 2021), the abundance of released microplastics, as a
result of particle fragmentation, follows a power law curve with nega-
tive exponent against particle size, suggesting that the observed abun-
dance of released microplastics would be orders of magnitude higher if
smaller sized microplastics was included (see section 4.2 for further
discussion). Therefore, to enhance the comparability of plastic frag-
mentation in future research, it is recommended that abundance data
among different microplastic quantification techniques be standardized.
A possible method to achieve this standardization is by employing
particle size distribution analysis (Koelmans et al., 2020). Also, the
standard deviation of microplastics concentration in the present work
was large, especially in UV weathered PP samples (57-day: relative
standard deviation = 107%), but this can be attributed to the nature of
particle fragmentation and is often observed in microplastics formation
studies [e.g. 176% in Song et al. (2022)].

The initiation of fragmentation from the tested PP items was also

Table 1
Summary of microplastic formation results of PLA and PP under UV radiation among studies.
Reference polymer type Surface area of parent plastics UV duration Total UV irradiance Size range Concentration
(em”) (day) (MJ / m") (um) (particles / cm”)
Le Gall et al. (2022) SR-PLA 17.8 38 (38" 197 50 - 5000 2.2
Present study PLA 4.7 57 295 50 - 5000 3.2
76 394 4.7
PP 57 295 59.1
76 394 47.7
Song et al. (2022) PP 37.2 60 (53%) 275 0.8 - 500 67,000
120 (106" 550 150,000
180 (160%) 829 210,000
Lambert and Wagner (2016) PLA 2.8 84 b 2-60 142,857
PP 2.12 3773,585

# UV duration (day) normalized to conditions of the present study.
b Could not be calculated as a lack of necessary information.
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faster than from PLA items (Fig. 2). Up to 44-fold higher concentrations
of released PP microplastics were found in samples subjected to 57-day
UV radiation than in samples kept in dark for the same duration (Fig. 2,
e.g. 57-day UV: 59 + 57 PP microplastics / cm?, 57-day dark: 1 + 1 PP
microplastics / cm?), suggesting that 18 months of mean solar radiation
in Europe (Gewert et al., 2018) initialized the fragmentation and
accelerated the release of microplastics for PP items. For PLA, this was
observed only after 76-day UV radiation (Fig. 2), equivalent to 24
months of mean solar radiation in Europe (Gewert et al., 2018). The SEM
inspection of recovered plastics items (Fig. 1) confirmed that the pres-
ence of cracks formed on the surface of PP items after 57-day and 76-day
UV radiation, indicating the occurrence of photo-degradation induced
by UV and the subsequent fragmentation, but the same was not observed
in PLA items. Although we did not observe an increase in the concen-
tration of released PP microplastics by extending the UV exposure
duration from 57 to 76 days (Fig. 2), our size frequency distribution
estimates (Fig. 3) indicated that there were more PP microplastics that
were smaller than 50 uym (see section 4.2 for further discussion), and
which were not within our range of enumeration. In the present study, it
should be noted that 76-day UV weathered PLA items had various
micro-particles attached onto their surface (Fig. 1), which were not
quantified in the present work, but indicate that microplastics formation
patterns are ongoing and particles could have been detached after a
prolonged exposure (Song et al., 2022).

In accordance with the observed microplastics releasing patterns
(Fig. 2), pristine PLA items showed a better resistance to oxidation
induced by UV than pristine PP items (Fig. 6). The OIT of PP items
decreased to 0 & 0 min, after 57-day UV exposure (Fig. 6), suggesting
that PP items lost almost all oxidative resistance (McKeen, 2014). For
PLA, the loss of oxidative resistance was only observed after 76-day
exposure with an OIT value of 0.16 + 0.04 min. This is in line with
the order of their bond dissociation energy under UV irradiation where
PP (77 kcal / mol) < polyester (88 kcal / mol), i.e. a polymer similar as
PLA in chemical structure (Feldman, 2002). The FTIR spectra of released
microplastics (Fig. S3) confirmed that in carbonyl products
(1710 cm’l), the characteristic peak of the photo-oxidation of PP (Wu
et al., 2021), observed in 57-day and 76-day UV weathered PP samples,
while no formation of anhydride groups (1845 cm’l) (Gardette et al.,
2011) were observed even in 76-day UV weathered PLA samples. In the
present study, there is a slight increase (0.15 min) in the mean OIT value
of 57 PLA items exposed to 57-day UV radiation compared to pristine
items and a slight decrease (0.19 min) in PP items by extending the UV
exposure from 57 to 76 days. These changes are within the heterogeneity
between plastic items tested in the present work, demonstrated by the
mean OIT of pristine PLA (2.19 4+ 0.10 min) and PP (5.28 + 0.65 min)
items.

In addition to polymer composition, the presence of potential plastic
additives in the matrix can partly contribute to the observed differences.
For example, UV stabilizers can protect plastics from photo-oxidation
induced by UV (Curto et al., 2021), which may alter their resistance to
photo-oxidation and thus microplastics formation (Sgrensen et al.,
2021). A recent study reported that stabilizers prevented the
photo-degradation and microplastics formation of PP samples for
14.5 day under UV exposure (same irradiation intensity as the present
study) and deionized water immersion (Meides et al., 2022). Never-
theless, plastic additives in the materials used in our study were not
documented. In future research on microplastic formation, it is recom-
mended to analyze and provide information on the additives present in
the tested plastics, if feasible (Sgrensen et al., 2021), and to further
explore to which extent plastic additives can affect the plastic frag-
mentation and release of microplastics of different polymers, especially
of bio-based polymers.

PLA items tested in the present study released two times more
microplastics after a 76-day UV radiation compared to dark control
samples (Fig. 2), suggesting that bio-based plastics can act as a potential
source of microplastics in the marine environment. Currently, bio-based
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plastics are promoted as alternative to petroleum-based plastics, how-
ever, to better assess their environmental risk, i.e. Koelmans et al.
(2022), the quantification and characterization of releasing micro-
plastics to the environment is required. Although not observed in the
present study (i.e. a sterile environment), Bao et al. (2022) reported that
poly (butyleneadipate-co-terephthalate), a bio-based and biodegradable
plastic, can be fragmented by microorganisms and release up to fourteen
times more microplastics than polyvinyl chloride. Therefore, although
bio-based plastics may have a slower release of fragmented particles
under UV radiation compared to conventional polymer types, their po-
tential to release microplastics to the environment need to be considered
to avoid unintentional adverse effects in biota.

4.2. Characterization of released microplastics

The size and shape distribution of released microplastics (50 —
1200 um) after UV radiation was different between polymers (Fig. 3 and
Fig. 4). The power law exponent of particles’ length distributions of
released microplastics (a), for 76-day UV weathered PLA was smaller
[2.38 £ 0.16 (-), Fig. 3] than the value of 76-day UV weathered PP
[3.04 £ 0.11 (-), Fig. 3]. These results suggest that the released PLA
microplastics have a larger-sized fraction than PP microplastics And that
the difference in a between PLA and PP can be attributed to the degree of
fragmentation (Kaandorp et al., 2021). For example, the a of 76-day UV
weathered PP samples exceeds a theoretically threshold of cascading
fragmentation[a = 3 (-)] at all three-dimensions (Kaandorp et al.,
2021), indicating that the released PP microplastics were also being
broken down to smaller sized microplastics along their longest dimen-
sion (Kaandorp et al., 2021). In this case, despite similar microplastics
(50 — 5000 pum) concentrations being detected in 57-day and 76-day of
UV weathered PP samples, we estimated that a higher microplastics
concentration is in fact present in 76-day UV-weathered PP samples, but
these particles were below the threshold for the size fraction assessed (i.
e. 50 um). The shape distribution of released PP microplastics can also
be explained by the cascading fragmentation. For the PP particles, the
width-to-length ratio (W: L) increased and the fiber-shaped micro-
plastics fractions deceased when the UV exposure duration was
extended from 57 to 76 days (Fig. 4), resulting most likely from the
break-down of PP microplastics along their longest dimension. With
respect to PLA samples, the o for both 57 and 76-day UV weathered PLA
were lower than the threshold of cascading fragmentation in
two-dimensions. Therefore, the difference in microplastics concentra-
tions (Fig. 2) and shape distributions (Fig. 4) were expected as new PLA
microplastics were still directly being released from the parent plastic
items in 76-day UV weathered samples.

The size and shape of released microplastics up to 76-day UV radi-
ation were similar to microplastics retrieved from aquatic environments.
The fitted o released PP microplastics in the present study were within
the reported exponent ranges for PP microplastics retrieved from gen-
eral aquatic environment [mean alpha = 2.70 (-)(Kooi et al., 2021)]. For
PLA, the fitted exponent was within the range of environmental poly-
ester [mean alpha ~ 2.6 (-), (Kooi et al., 2021)]. The comparable pat-
terns are confirmed when comparing their average width-to-length ratio
and fiber-shaped microplastics fractions with microplastics in aquatic
environment (Kooi et al., 2021). This finding suggests that microplastics
in aquatic environments are still at initial stage of fragmentation
(Koelmans et al., 2022), although a study in 2015 calculated that 90% of
plastics in the oceans have been present for more than 2 years (Koelmans
et al., 2016) (the equivalent solar irradiation exposure in the present
study). In this case, even under the system change scenario [reduced
plastic pollution by 40% from 2016 rates (Lau et al., 2020)], an
increased microplastics concentration in the aquatic environment can be
expected from fragmentation of the “legacy” plastics in a near future
(Okamoto, 2020).

The size and shape distribution of released microplastics (50 —
1200 um) determined in the present study is valuable in a future
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environmental risk assessment of bio- and petroleum-based micro-
plastics. For example, based on the power law exponent o observed in
our study, concentrations of bio-based microplastics can be rescaled into
the (bio)accessible fractions for different aquatic species via ingestion,
to support further realistic ecotoxicological effect assessments as per the
work of Koelmans et al. (2020). Specifically, the quantified PLA and PP
particles length (50 — 1200 ym) can be relevant for the microplastics
mis-ingestion of zooplankton and fish (Jams et al., 2020). The deter-
mined particles’ shape distribution is considered relevant for
shape-specific toxicity, as for example fiber-shaped microplastics (PP, in
our study), with a longer retention time in gut, can induce more harmful
effects than particle-shaped microplastics (de Ruijter et al., 2020).

Both PLA and PP, microplastics released after 76-day UV exposure
were still pristine (Fig. 5), in what concerns their oxidation status. The
mean carbonyl index (CI) of released PLA microplastics in 57-day and
76-day UV weathered samples was not different from pristine PLA
microplastics (Fig. 5, p > 0.05). This is consistent with no formation of
anhydride groups (1845 cm™!), the characteristic groups of PLA photo-
oxidation (Gardette et al., 2011), was observed even in 76-day UV
weathered PLA (Fig. S3). As the OIT results indicate (Fig. 6), PLA items
only lost oxidation resistance after 76-day UV radiation (Fig. 6), which
indicates that the mean CI value of released PLA microplastics might
increase only after prolonged UV exposure (Beltrdn-Sanahuja et al.,
2020). For PP microplastics, the mean CI value increased by 14% after a
76-day UV exposure (Fig. 5), suggesting the increasing contents of
carbonyl products (1710 cm’l) (Wu et al., 2021). Despite an increase of
mean CI value (Fig. 5), the released PP microplastics (the present study)
are still pristine compared to microplastics in the aquatic environment.
For example, CI of PP microplastics 76-day UV weathered samples
(Fig. 5) is 50% less than PP microplastics extracted from the surface
(depth = 0.5 cm) of marine sediments (Simon-Sanchez et al., 2022).
Therefore, a longer UV exposure duration (d) UV or a higher radiation
intensity (W / m?) is required for those seeking a relationship between
UV dose and CI of microplastics released by fragmentation (Song et al.,
2022).

5. Conclusion

In the present study, we quantified and characterized the fragmen-
tation and release of microplastics from a bio- and a petroleum-based
plastic after exposure to UV radiation and seawater immersion. The
tested bio-based polymer PLA was more resistant to fragmentation than
the petroleum-based polymer PP (24 months mean solar radiation in
Europe). The PLA items released nine-times less microplastics than PP
items, implying a lower fragmentation rate for the types of plastic tested.
The size and shape distribution of released microplastics (50 — 1200 um)
was polymer-dependent. The released PP microplastics had higher
smaller-sized and lower fiber-shaped fractions than PLA microplastics.
Even though replacing petroleum-based plastics by bio-based alterna-
tives is set forward as being part of a set of potential solutions for the
plastic pollution issue in the marine environment, regulators should
consider the durability of materials and the potential to release micro-
plastics to avoid unintentional adverse effects in biota.
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